GA. Effects of atherogenic diet on hepatic gene expression across mouse strains.
HIGH LEVELS OF DIETARY FAT intake have been associated with obesity (3) . While obesity is becoming increasingly prevalent (28, 39) , individuals with a genetic predisposition to obesity are more likely than control subjects to gain weight on a high-fat diet (2) . Obesity, in turn, is associated with a number of health problems, including hypertension (5), diabetes mellitus (8, 10) , dyslipidemia (5), coronary heart disease (13), stroke (31, 38) , gallstones (35) , osteoarthritis (7, 15) , and various forms of cancer (9, 16, 19) .
Mice that are fed an atherogenic high-fat diet containing 1% cholesterol experience many of the same health conditions related to obesity and heart disease as humans (30) . These responses depend on genetic factors. For instance, the oftenstudied inbred mouse strain C57BL/6J (B6) develops severe obesity, hyperglycemia, and hyperinsulinemia in response to high-fat diet where the A/J strain remains resistant to these conditions despite a similar caloric intake on the same diet (37, 26) . The observation that adiposity levels vary substantially even among genetically identical mice suggests that epigenetic mechanisms may also be involved in the determination of individual susceptibility to obesity (24) .
As with humans, different inbred strains of mice respond differently to high-fat diet (18) . Therefore, understanding the metabolic mechanisms underlying diet-induced obesity in mice may lead to a better understanding of human obesity. Here, we examine gene expression profiles in liver tissues of ten inbred strains of mice fed either high-fat or standard low-fat diets. The strains were selected based on previously published genetic mapping studies used to find genomic regions associated with high density lipoprotein (HDL) cholesterol levels. Our results indicate that the atherogenic diet represses cholesterol biosynthesis and induces an immune response that may be related to liver damage. Processed gene expression data and precalculated test statistics generated from these analyses are accessible through a web-based query tool at http://cgd-array.jax.org/ DietStrainSurvey. The phenotype data can be found at the same location. The raw data are deposited in the National Center for Biotechnology Information's Gene Expression Omnibus with accession number GSE10493.
MATERIALS AND METHODS
Experimental design. Ten male and 10 female mice from 12 inbred strains (129S1/SvImJ, A/J, BALB/cJ, C3H/HeJ, C57BL/6J, CAST/ EiJ, DBA/2J, I/LnJ, MRL/MpJ-Tnfrsf6lpr/J, NZB/BINJ, PERA/Ei, and SM/J) were fed a standard diet (6% fat, product 5K52 from LabDiets, St. Louis, MO) until at least 6 wk of age. The mice were subsequently divided into two dietary groups for a 4 wk period. Five animals from each strain and sex were fed an atherogenic high-fat diet (30% Kcal from dairy fat) containing by weight 1% cholesterol and 0.5% cholic acid to increase cholesterol uptake, while the remaining animals were kept on the standard diet. Nine of the 12 strains were housed in clean animal rooms, which were found to be free of 15 viruses, 17 bacterial species (including Helicobacter spp., Pasteurella pneumotropica, and two Mycoplasma spp.), ecto-and endoparasites, and the microsporidium, Encephalitozoon cuniculi. CAST/EiJ, PERA/Ei, and I/LnJ were maintained in an animal room known to harbor Helicobacter spp., P. pneumotropica, and Klebsiella spp. (other than K. pneumoniae). For acclimation, all animals were grouphoused for 3 wk after acquisition, with no more than 5 mice per pen, in duplex polycarbonate cages measuring 31 ϫ 31 ϫ 214 cm. Autoclaved white pine shavings were used as bedding, and cages were changed every 2 wk. All animals had ad libitum access to acidified water (pH 2.8 -3.1) and pelleted diet.
Most mice were bled and killed at 10 -13 wk old. However, difficulties associated with obtaining CAST/EiJ and PERA/Ei mice resulted in ages at bleeding and death ranging from 20 to 55 wk. Due to the chance that this age difference would result in unwanted variability, we removed these strains from our primary analysis. However, the data are available in the web tool, and PERA/Ei was used in the QTL examination presented here. All mice were housed singly for 3 days prior to bleeding and death and were placed in clean boxes without food at 6 AM on the day of death. Retro-orbital bleeding followed by euthanasia by cervical dislocation and tissue harvesting were consistently conducted between 11 AM and noon to minimize circadian variation in mRNA expression. Mice were perfused with saline before dissection. The median lobe of the liver was removed, cut into Ͻ1 cm 2 sections, placed in RNAlater (Ambien, Austin, TX) at room temperature for 24 h, and then stored at Ϫ80°C until RNA extraction.
Body weight and blood chemistry data were obtained for all mice resulting in phenotype data for five replicate animals per experimental group. Specifically, we provide data on blood urine nitrogen, calcium, total cholesterol (CHOL), glutamate dehydrogenase (GLDH), glucose (GLU), HDL, nonesterified fatty acids (NEFA), thyroid hormone (T4), triglycerides (TG), and body weight. These data were measured using a SYNCHRON CX5 Delta Clinical System chemistry analyzer from Beckman Coulter and are available online at www.cgd.org.
Microarray procedures. Three animals per experimental group were assayed for liver mRNA expression. Samples were extracted in batches randomized with respect to strain and collection date. RNA was extracted from the entire median lobe of the liver homogenized in TRIzol (Invitrogen, Carlsbad, CA); quality was assessed using a 2100 Bioanalyzer instrument and an RNA 6000 Nano LabChip Assay (Agilent Technologies, Palo Alto, CA). As described previously (34) , total RNA was reverse transcribed with oligo(dT)-T7 primers before double-stranded cDNA was generated with the Superscript doublestranded cDNA synthesis custom kit (Invitrogen). The cDNA was linearly amplified with biotinylated nucleotides (Enzo Diagnostics, Farmingdale, NY) through an in vitro transcription reaction with T7 RNA polymerase. We then hybridized 15 g of biotin-labeled and fragmented cRNA onto MOE430v2.0 GeneChip arrays for 16 h at 45°C. Posthybridization staining and washing were performed according to the manufacturer's protocols using the Fluidics Station 450 instrument (Affymetrix, Santa Clara, CA). Arrays were scanned with a GeneChip Scanner 3000 laser confocal slide scanner and quantified using GeneChip Operating Software v1.2 (Affymetrix).
Microarray data preprocessing. Probe intensity data from Affymetrix GeneChip arrays containing 45,101 probe sets were read into the R software environment (http://www.R-project.org) directly from .CEL files using the R/affy package (17) . Data quality was assessed using image reconstruction, histograms of raw signal intensities, and MA plots. Normalization was carried out using the robust multiarray average (RMA) method (22) to form one expression measure per probe set per array. Briefly, the RMA method was used to adjust the background of perfect match (PM) probes, apply a quantile normalization of the corrected PM values and calculate final expression measures using the Tukey median polish algorithm.
Probe sets were mapped to Entrez Gene identifiers using the R/mouse4302 package. A gene universe was defined based on Entrez Gene identifiers exhibiting variation across the experimental groups. Specifically, we used F s, a modified F-statistic incorporating shrinkage variance components (11) , to test for variation among any of the 40 groups (2 sexes ϫ 2 diets ϫ 10 strains) using the general linear model
where Yi represents log2 transformed expression data, is the mean for each array, GROUP is a 40 level factor identifying each experimental group, and εi is random error. Using a one-way analysis of variance (ANOVA), we found a total of 26,564 probe sets to have significant variation at the nominal P Ͻ 0.01 level based on permutation of group labels. For cases in which multiple probe sets mapped to a single Entrez gene ID, the probe set with the highest F s statistic was chosen to represent the gene. Overall, ANOVA selection and filtering reduced the 45,101 probe sets on the array to 20,831 probe sets representing 20,831 unique genes. Differential gene expression. A database containing the results of 532 statistical tests for differences between strains, diets, sexes and strain-by-diet interactions was created (see Supplemental Table S1 ).
1 P values were calculated by permuting model residuals 1,000 times using the R/maanova package (41, 43) . All statistical tests were performed using the F s statistic. The false discovery rate (FDR) was estimated using the q-value method (36) . Unless otherwise noted, significant changes were determined at the FDR threshold of 0.01.
Computation of gene expression profiles. Global gene expression was analyzed using multidimensional scaling and clustering approaches. K-means and hierarchical cluster analyses were used to identify groups of genes with similar expression patterns across the 40 sex-strain-diet groups. In the bootstrapped k-means algorithm, a gene was assigned to a cluster if it appears in 80% of 1,000 bootstrap iterations (23) . The bootstrapped k-means procedure was repeated for different values of k to find the minimum number of clusters explaining Ͼ90% of the variance in the data after bootstrapping. For hierarchical clustering, Pearson correlation coefficients were calculated between group-averaged phenotype data and group-averaged expression data. The P values resulting from the correlation tests were used to calculate an FDR for each gene (36) . Hierarchical biclustering of group mean data based on Euclidean distance and Ward's method was applied to the group-averaged expression data for all significant genes (FDR Ͻ 0.01). Heat maps of clustering results were visualized in TreeView (32) . Supplemental Tables S2 and S3 contain correlations between gene expression and HDL or TG, respectively.
Eigengene analysis. A linear mixed-effects model was fit to data from each gene to quantify variation associated with main effects and interactions among experimental factors. The model used to calculate variances is given as follows
where is a fixed effect. Random effects were assumed to be independently normally distributed with a mean of 0. Singular value decomposition (SVD) applied directly to the matrix of calculated variances was used to separate the eight sources of variation in Eq. 2 into three orthogonal vectors (i.e., "eigengenes") accounting for Ͼ98% of the variation in the data. A permutation test based on the multivariate Hotelling T 2 statistic was used to uncover genes with significant scores. Results for all genes are given in Supplemental  Table S4 .
Enrichment of gene sets. The Gene Ontology (GO) Consortium provides relationships between genes and annotation terms using a restricted vocabulary (4) . Hypergeometric tests for overrepresentation of "biological process" GO terms in selected gene lists were performed using the R/GOstats package (14) or R/allez (29) . GO leaves were found by reconstructing the GO tree corresponding to all significantly overrepresented GO terms (P Ͻ 0.01) and extracting the leaves from the induced tree structure.
The Ingenuity Pathways Knowledge Base consists of data from Ͼ400 journals with known biological relationships between genes and gene products (www.ingenuity.com). Overrepresentation of Ingenuity Canonical Pathway members in gene lists was found using a righttailed Fisher's exact test for 2 ϫ 2 contingency tables.
RESULTS

Global gene expression analysis.
A total of 120 mice from 40 different experimental groups (diet-sex-strain) were used for global expression profiling. Multidimensional scaling was used to display differences in summarized expression profiles between any pair of groups as the distances in a two-dimen-sional plane. As shown in Fig. 1 , groups of strains could be reasonably well separated based on differences in diet or sex. There were relatively few transcriptional differences between strains when mice of the same sex were fed a low-fat diet. By contrast, the atherogenic diet led to pronounced disparity among the strain-specific profiles. Bootstrapped k-means clustering applied to group mean expression data produced four stable clusters representing ϳ27% of the mapped genes in the data set (Fig. 2) . With the single exception of strain A/J, the first two clusters reflect sex-specific alterations; 355 genes showed higher expression in males and 630 genes show higher expression in females. When fed a low-fat diet, A/J males show similar expression as the other female strains (cluster 1) and A/J females show expression levels similar to the other male strains (cluster 2). GO terms enriched in cluster 1 are associated with a higher transport and processing of proteins (see Supplemental Table S5 ). Important GO terms in cluster 2 include "electron transport" and acyl-CoA metabolism (Supplemental Table S5 ), suggesting an increased production of energy from fat in most female strains.
The two remaining clusters in Fig. 2 reflect gene expression differences due to diet. A total of 2,085 genes (cluster 3) are repressed, and 2,527 genes (cluster 4) are induced, with the high-fat diet. Here, strains A/J and NZB show the largest differences. No diet-specific changes are apparent in females from strains C57BL/6J and MRL (cluster 3) or males from DBA (cluster 4). Genes repressed under high-fat diet are enriched for ion transport and cell signaling, while genes induced under high-fat diet (cluster 4) are enriched for terms related to immune system and cell signaling (Supplemental Table S5 ).
Most of the expression differences between groups within the four clusters in Fig. 2 represent sex or diet effects, but the scale of these changes varies considerably across strains. Variance distributions derived from global ANOVA modeling were bimodal (Supplemental Fig. S2 ), with genes showing no variance (peak at zero) or some variation associated with a model term (peak greater than zero). SVD was used to explore these distributions to find the prevailing dimensions of the data referred to as "eigengenes." Here, three eigengenes explained Ͼ98% of the variation in the data set (Supplemental Fig. S3 ). Genes correlated with the first eigengene (e.g., Xist and Sult2a2) vary between sexes, but not by strain, diet, or higher-order interactions between factors (Supplemental Table S6 ). Similarly, genes correlated with the second eigengene (e.g., H2-K1, Camk2b, and Zfp236) and third eigengene (e.g., Idi1 and Sqle) only vary between strains or diets, respectively.
Response to atherogenic diet. Improving our understanding of the molecular basis of the metabolic response to the high-fat diet was central to this investigation. We tested for transcriptional differences between animals fed the high-fat atherogenic and low-fat diets within each of the 20 strain-sex groupings. In a similar manner, we looked for sex-specific differences within each of the 20 strain-diet groupings. A large number of diet and sex effects were uncovered by this pair-wise ANOVA approach. While there is substantial overlap between these lists of differentially expressed genes, most of these alterations were not shared across strains (Table 1) . GO terms significantly repressed or induced with atherogenic diet were determined for each strain. Only two biological process GO term leaves were repressed in all strains (GO:0006695:cholesterol biosynthesis and GO:0006720:isoprenoid metabolism), and no GO terms were found to be induced in all strains on the atherogenic diet. However, an analysis based on Ingenuity Pathways Knowledge Base uncovered a small list of pathways repressed or induced across most strain-sex groupings (Table 2) . Notably, every gene in the cholesterol biosynthesis pathway was repressed with atherogenic diet in every strain and in both sexes (Supplemental Fig. S4 ). The atherogenic diet induced genes associated with liver damage, especially genes associated with X receptor activation (LXR/RXR, FXR/RXR, and VDR/RXR), interleukin signaling (IL-6 and IL-10), and pentose/glucuronate interconversions. However, the evidence for induction of interleukin signaling and the repression of other categories (e.g., "metabolism of xenobiotics by cytochrome P450", "linoleic acid metabolism," "glycine, serine and threonine metabolism," "glycolysis/gluconeogenesis") varied somewhat between strains and sexes.
We performed an ANOVA-based analysis including all strains and both sexes to detect global diet effects with greater power. We also tested for diet effects that varied between strains (i.e., DIET-by-STRAIN effects) or varied differentially among strains according to sex (i.e., DIET-by-STRAIN-by-SEX effects). A total of 11,312 changes (ϳ56.6% of the genes examined) can be attributed to diet, while 2,638 alterations show strain-specific changes in diet and 293 genes exhibit both sex-and strain-specific diet alterations (see Fig. S5 ). However, 442 genes out of the 2,638 DIET-by-STRAIN effects were not explained by diet alone. In addition, 40 genes out of the 293 DIET-by-STRAIN-by-SEX effects were not found when we considered only diet-or strain-specific diet effects. Some of these genes are part of overrepresented GO terms associated with diet effects (Supplemental Fig. S5 ) and described in greater detail below.
Correlations between gene expression profiles and metabolic phenotypes were calculated to extend the biological significance of the transcriptional analyses. Six phenotypes were examined (TG, NEFA, GLU, GLDH, CHOL, and HDL). A total of 3,936 genes had a significant correlation for at least one phenotype (Table 3) . Hierarchical biclustering of the gene expression levels of these 3,936 genes gave rise to three groups (Fig. 3) . Group 1 strains have a similar correlation between transcripts and phenotypes when fed the low-fat diet. However, two females (strains SM and B6) and one male (strain DBA) fed the atherogenic diet also appear in group 1. Group 2 strains consist of NZB (females and males) and A/J (females) fed the atherogenic diet. Group 3 has strains fed the atherogenic diet but also includes two females (BALB, MRL) and one male (MRL) fed the low-fat diet. The data were subset by strain and either diet (to find significant sex effects in mice fed low-fat or high-fat atherogenic diets) or sex (to find significant diet effects in male or female strains). The number of overlapping genes differentially expressed when mice were fed low-fat and high-fat diets, or between males and females, is given in the 3rd column for each effect. The overlap between strains is given in the last row. Differential expression is determined based on a false discovery threshold of 0.01. LF, low fat; HF, high fat; F, female; M, male.
This biclustering approach divided the expression profiles across experimental groups into two major clusters, where cluster 1 can be further divided into two subclusters (Fig. 3) . Genes in clusters 1A and 1B were induced with the high-fat atherogenic diet. Strains NZB and A and males from B6 and SM showed noticeably higher expression levels when fed the atherogenic diet than other experimental groups. Cluster 2 genes are negatively correlated with cluster 1 and were mostly repressed with high-fat atherogenic diet. A GO enrichment analysis corresponding to the expression profiles in Clusters 1A, 1B, and 2 is summarized in Table 4 . Cluster 1A was enriched for GO terms associated with endocytosis, regulation of cell differentiation (osteoclast and myeloid), and angiogenesis, while cluster 1B was related to the immune response. Overrepresented GO terms in cluster 2 are strongly associated with cholesterol biosynthesis and also show enrichment in acetyl-CoA metabolism and eye development.
The most statistically significant biological processes uncovered here involve the repression of cholesterol biosynthesis and induction of the antigen presentation (see Tables 2 and 4 , Fig.  3 , and Supplemental Fig. S5 ). Therefore, we explored these categories in greater detail. Gene expression patterns and results of the ANOVA and correlation analyses are shown in Fig. 4 for every gene in the GO classes "cholesterol biosynthesis" (Fig. 4A) and "exogenous antigen peptide presentation and processing" (Fig. 4B) . In Fig. 4A , strains separate into two groups based on diet (low-fat strains vs. high-fat strains), with the exception that SM males and BALB females group with the high-fat strains. Most genes in the "cholesterol biosynthesis" category show repression of expression with the high-fat diet Table 2 . Ingenuity pathway analysis describing strain-specific response to high-fat diet
Repressed with high fat
Biosynthesis of steroids *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** *** ** Pearson correlation threshold is based on false discovery rate Ͻ0.01. CHOL, total cholesterol; HDL, high density lipoprotein; WGT, weight; GLU, glucose; TG, triglycerides; T4, thyroid hormone; CA, calcium; GLDH, glutamate dehydrogenase; BUN, blood urine nitrogen; NEFA, nonesterified fatty acids.
that correlate with cholesterol levels, but a second group of genes show more diverse expression with varying degrees of correlation to the phenotype. The "antigen presentation" category (Fig. 4B) separates the strains into two groups: group 1 contains strains A (females and males), NZB (females and males), B6, SM, and 129 (all males), and group 2 contains the rest of the experimental strains. The genes in Fig. 4B are also divided into two clusters. Genes in cluster 1 have expression patterns distinct from other genes in the grouping and are not correlated with cholesterol levels. By contrast, expression levels for genes in cluster 2 are notably higher for the group 2 strains than the group 1 strains and are correlated with cholesterol.
Both GO classes in Fig. 4 contain diet effects that were only found when testing for diet differences (main effect ANOVA), diet ϫ strain interactions (two-way interaction ANOVA) or diet ϫ strain ϫ sex interactions (three-way ANOVA). For instance, like most genes involved in cholesterol biosynthesis in Fig.  4A , Hmgcr, Cnbp, and Hmgcs2 show significant differences between diet regiments when tested across strains (P Ͻ 0.001 in each case). However, unlike most genes with significant diet changes, the evidence for strain-specific diet effects in these genes does not reach statistical threshold levels (P ϭ 0.12, 0.32, and 0.21, respectively). Also, correlation with phenotype can distinguish genes possessing greater biological weight than data based on gene expression analyses alone. For instance, Cyb5r3, Prkaa2, and Dhcr24 in Fig. 4A and H2-EB2 , Ctse, H2-Ea, and Fcgr2b in Fig. 4B are downregulated with high-fat diet, but unlike other genes supported with significant gene expression differences, these genes are not significantly correlated with phenotypes.
Strain survey database. We provide a publicly available database that can be used to explore differentially expressed transcripts between experimental factors for any of 532 different statistical tests (see Supplemental Table S1 ). Users can query the data by selecting an ANOVA model, tested term, and subset of the data for a list of candidate genes. Selected genes can be explored graphically within the Java interface. F statistics (classical F and F s ), permutation P values, FDR, fold changes, and error variances can be obtained. Results from fixed and mixed effects models are also available. In the analysis presented above, all genes differentially expressed in mixed-effects model tests were also found to be differentially expressed in corresponding fixed-effects tests (Supplemental Table S7 ).
To illustrate the utility of the information that can be extracted from the database, graphical representations for genes exhibiting strong effects in our study are presented in Fig. 5 . The gene encoding the X (inactive)-specific transcript (Xist) varies significantly across sexes (Fig. 5A) . The genes encoding the major histocompatibility complex, class I, C protein (H2-K1), and apolipoprotein C-IV (Apoc4) vary across strains (Fig. 5, B and C, respectively) . The hepatocanalicular cholesterol transporter (Abcg5) expression increases significantly on high-fat diet in all strains and both sexes (Fig. 5D ). This gene is particularly interesting due to its role in response to dietary fat. In humans, it plays a role in reducing absorption of cholesterol in the intestine and encourages secretion of sterols in the bile. Mutations in this gene have been linked to atherosclerosis, sterol accumulation, and sitosterolemia (27, 20). With this in mind, we speculate that Abcg5 expression is upregulated in response to accumulating lipids in the high-fat diet. Other diet-induced changes include a large decrease in expression with the atherogenic diet for the cholesterol biosynthesis genes isopentenyl-diphosphate delta isomerase 1 (Idi1) and squalene epoxidase (Sqle) (Fig. 5, E and F, respectively) .
Sterol O-acyltransferase 1 (Soat1) produces cholesterol esters from cholesterol (27) and shows a strong strain-by-diet effect here (Fig. 5G) . Its expression is increased on high-fat diet in NZB and A, with a less pronounced effect in 129, B6, BALB, C3H, I, and MRL. However, in females of DBA and SM and males from DBA, the expression doesn't change across diets. Strong strain-by-diet interactions are also seen between multiple strains for Cd207 (Fig. 5H) . The database may be used to examine phenotypes. For instance, NZB also has the highest HDL levels among these strains and increases substantially on high fat diet (Fig. 5I) . Conversely, BALB shows little change in HDL in response to diet (Fig. 5I) .
Using the strain survey database to find quantitative trait locus genes. There are two ways in which the strain survey database can be useful in the search for genes within a quantitative trait locus (QTL). First, one can use the database to identify all genes in a QTL region that are differentially expressed between the two strains that gave rise to the QTL. This step can become even more powerful if the QTL has been found in multiple crosses. Second, one can then ask whether gene expression is correlated with the phenotype across all strains, sexes, and diets. Neither of these criteria is an absolute requirement for a QTL gene. For example, a gene may cause a QTL through a mutation in the coding region that changes function; such changes can be searched for in single nucleotide polymorphism (SNP) databases or by sequencing. Furthermore, it is not necessary that a gene causing a QTL through an expression difference be correlated with the phenotype in all strains. Nevertheless, such a correlation provides additional evidence that a candidate gene is related to the basic functions of the phenotype.
As an example, we selected a QTL on chromosome 17 from 72 to 90 Mb that was previously identified in males on a high-fat diet in two crosses, PERA ϫ DBA/2 and PERA ϫ I/Ln (40) . Using BioMart (www.biomart.org), we found 91 genes within this region that were represented on our microarray. This list of genes was used as input first for the PERA ϫ DBA/2 males fed high-fat diet and then for the PERA ϫ I males on high fat. Only 15 genes out of the 91 were differentially expressed in both crosses. We then asked whether all 15 of these genes had an expression difference that was consistent with the phenotype in both crosses. For example, if gene expression was low in DBA/2, then it also had to be low in I/Ln. This step eliminated two genes. Next, we used the Mouse Phenome Database (http://phenome.jax.org/pub-cgi/phenome/ mpdcgi?rtnϭsnps/door) to obtain SNPs in the region and conducted a block haplotype analysis (6, 12) . We required that the gene and its regulatory regions differ between PERA and 
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Gene Ontology (GO) term leaves were generated based on the induced GO graph resulting from all significant GO terms (P Ͻ 0.01). *Number of differentially expressed genes in a GO term category (false discovery rate Ͻ0.01); †Total number of genes in a GO term category.
DBA/2 as well as between PERA and I. PERA carried the allele for high HDL in both cases, while DBA/2 and I both carried the allele for low HDL. Block haplotyping was used to eliminate three genes with regulatory and coding regions that were identical between PERA and one of the other strains. This left 10 potential candidate genes (Abcg5, Abcg8, Ehd3, Galm, Haao, Mta3, Prkce, Slc3a1, Srbd1, Thada). However, only three of these genes were correlated with HDL levels, and these three remained as the most likely QTL genes (Abcg5, Abcg8, Thada).
Here, the database helped us to reduce a list of 91 potential candidates to only three. The next bioinformatic step in QTL gene identification is to add knowledge about tissue distribution and gene function. Immediately the genes encoding Abcg5 and Abcg8 stand out as genes highly expressed in the liver and known to have a role in lipid metabolism. In contrast, Thada (thyroid ademona associated) is expressed at relatively low levels in the liver and has no obvious connection to lipid metabolism. These results are consistent with previously published studies. We have previously demonstrated that the differential expression of Abcg5/8 is controlled by cis elements within the QTL region (40) , and recently it has been shown that Abcg5/8 polymorphisms are associated with HDL levels in humans (1) .
DISCUSSION
The ratio of between-groups variance to within-groups variance (the F-ratio) is often used to make inferences about differential gene expression. However, nearly all of the tested genes investigated in our study (i.e., 17,215 genes out of 20,831 genes on the microarray) show significant differences between at least two of the 40 diet-sex-strain experimental groups using this criterion (FDR Ͻ 0.01). Nevertheless, strategic exploration of the data revealed meaningful global expression patterns and demonstrated that diet, sex, and strain can each have substantial influence on gene expression response in laboratory mice. For instance, predominant patterns in the data reveal considerable variation in gene expression levels during high-fat feeding compared with low-fat feeding (Fig. 1) and strain-specific differences due to diet or sex (Fig. 2) . Functional annotations associated with eigengenes provided additional evidence of the influence of each factor and external validation of our experiment. For example, the gene for the noncoding Xist RNA was associated with differences between sexes (the first eigengene) and is known to be expressed in females where it plays a key role maintaining gene dose equality between sexes (42).
Some strains had notable gene expression differences compared with most of the strains studied. Strains A/J and NZB showed greater gene expression differences between diets than most other mice (Fig. 4) , and BALB had a relatively large number of sex-specific differences compared with other strains ( Table 1 ). The importance of using multiple experimental factors to examine the response to dietary fat can be illustrated by strain DBA. Female DBA mice show a response to high-fat diet similar to other strains, but male DBA mice are different from most of the other strains (Fig. 2) . In both sexes, strain 129 shows a less pronounced response to high-fat feeding, while strains A/J and NZB have strong responses to diet compared with other strains. These relationships are supported by similarities and differences based on the global gene expression response to diet.
The high-fat atherogenic diet repressed cholesterol biosynthesis and induced immune-related responses in all strains examined ( Table 2 ). The correlation patterns between transcripts and phenotypes confirm that the repression of cholesterol biosynthesis and induction of the immune response are the major responses to atherogenic diet. Levels of TG, NEFA, and GLU are negatively correlated with GLDH, CHOL, and HDL. The transcription of genes involved in cholesterol biosynthesis is repressed during high-fat feeding, when total cholesterol levels are high (Fig. 3, clusters 1A and 1B) . Under these conditions, GLDH and HDL levels are also high but levels of TG, NEFA, and GLU are low.
Cholesterol is essential for life and is primarily synthesized from smaller molecules within the body. However, the mice fed the high-fat diet do not need to make cholesterol; it is available in abundance in the diet, and cholic acid aids in the uptake of the steroid. Even so, strains may have noticeable differences with respect to the list of genes that accomplish these responses and the degree to which they achieve such alterations (see Fig. 4A ). The induction of the immune response could be due to inflammation, which is known to accompany obesity in adipose tissue (21) . However, enrichment analysis of Ingenuity Canonical Pathway members provides evidence that the high-fat diet used here damages the liver (see Table 2 ). This atherogenic diet-linked damage could promote inflammation and explain the release of GLDH with atherogenic diet (see accompanying phenotype data), which is an indicator of liver damage (33) . The atherogenic diet induced particularly large gene expression changes in the immune response in NZB mice in our study (Figs. 2-4) , which is consistent with a previous report in which a high-fat diet increased the severity of autoimmune disease in NZB ϫ NZW mice (25) .
The statistical framework underlying this study ensures that the effects of diet, strain, and sex on hepatic gene expression are casually upstream of the genomic responses to these factors. However, the transcriptional responses could have been mediated by a number of complex processes, including feedback-driven mechanisms. For example, the introduction of inflammatory cells, followed by inflammation and tissue damage, can occur in response to high-fat diet. Accordingly, liver tissue is likely to respond to dietary conditions by remodeling. Changes in gene expression may also reflect changes in tissue composition or changes in the expression patterns of individual cell types.
The data generated in this strain survey can be mined to further investigate the gene expression response to high-fat diet in mice. We used the expression database to sort rapidly through a large list of potential candidate genes for a QTL and to select a smaller number of genes for further study. It is important to keep in mind that a causal QTL gene may be due to a coding region polymorphism that changes function rather than RNA (and protein) abundance. Such cases should be searched for in the SNP databases. Also, not all genes are tested in a microarray hybridization. In our example, we found 44 genes in the investigated QTL region that had no probe in the microarray. Most, but not all, of these genes were noncoding RNA genes, predicted genes, or pseudogenes. Finally, once the list of genes has been reduced to a small number, they require further testing to demonstrate causal activity. Despite the limitations, our database will enable researchers to search for genes associated with cholesterol production, select candidate model systems to study metabolic traits, and investigate novel questions surrounding diet-induced metabolism.
